Compartments
Introduction
The imaginal discs of Drosophila are classical objects for the study of patterning and growth during animal development. They comprise the precursor cells of different cuticular parts of the adult fly and are named after the structures they form; eye-antennal disc, leg disc, wing disc and so forth. Among these, the wing disc, which gives rise to the mesothorax and the wing blade, is one of the most extensively studied.
One major feature of the wing and of other imaginal discs is the early lineage subdivision into anterior (A) and posterior (P) compartments (García-Bellido et al., 1973; Lawrence and Morata, 1977) . This subdivision establishes impenetrable borders of cell populations which are used as topological references for the activation of developmental genes (reviewed 0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.12.002 in Lawrence, 1992; Lawrence and Struhl, 1996) . The A/P subdivision in the wing is defined genetically by the activity of engrailed (en), which is necessary to maintain the integrity of the border and also to establish the identity of the P compartment cells as different from those of the A compartment (Lawrence and Morata, 1976; Morata and Lawrence, 1975) .
In addition to separating cells with different identities, the A/P border is also involved in a major patterning function (reviewed in Tabata, 2001; Tabata and Takei, 2004) ], which also requires en activity. The presence of the En protein in the P cells activates transcription of the signalling gene hedgehog (hh) and, at the same time, impedes the transduction of the Hh signal in those cells (Dominguez, 1996; Tabata et al., 1992) . However, Hh is a short-range secreted protein that crosses over to the A compartment, where the En protein is not present and therefore the Hh pathway can be activated (Tabata and Kornberg, 1994) . One target of Hh is the decapentaplegic (dpp) gene, which encodes a long-range signal. The Dpp signal originates in anterior cells close to the A/P border, and spreads from this site to both A and P compartments (Zecca et al., 1995) . The expression of dpp has been visualised by in situ hybridization and by the expression of various lacZ transgenes just anterior to the A/P border (Masucci et al., 1990; Posakony et al., 1990; Zecca et al., 1995) .
Dpp is a key organizer molecule in wing patterning: it activates different sets of target genes according to its concentration in different regions of the disc (Lecuit et al., 1996; Nellen et al., 1996) . A large amount of work has been devoted in recent years to study the formation of the Dpp signal gradient and different aspects of the transduction pathway it triggers (reviewed in Affolter et al., 2001) . The concentration gradient of Dpp can be visualised using Dpp-GFP constructs (Entchev et al., 2000; Teleman and Cohen, 2000) or by examining the levels of the phosphorylated form of the Mad transcription factor (Tanimoto et al., 2000) .
The present understanding of dpp expression and function during wing disc development can be outlined as follows: dpp is transcriptionally active in a narrow band of cells close to the A/P border but inside the anterior compartment, while no dpp transcription is needed in the posterior compartment. Once the Dpp product is synthesised it travels across the A/P border and patterns the two compartments. The patterning is achieved by the regionally restricted activation of several genes according to the local concentration of the Dpp protein. This current view is based on reports on genetic (Posakony et al., 1991) and expression data (Masucci et al., 1990; Zecca et al., 1995) that indicate that transcriptional activity of dpp is exclusively restricted to and required in the A compartment. This expression of dpp along the A/P border can be visualised during most of the proliferation period of the disc and is considered a key factor in overall patterning and growth of the disc Martín-Castellanos and Edgar, 2002; Martin et al., 2004) .
We report here the analysis of a dpp expression domain in the posterior compartment that appears during the third larval period. This domain creates a source of diffusible Dpp signal that patterns the proximal region of the posterior wing compartment. Our results establish that normal wing pattern requires two distinct activities of Dpp that have different spatial and temporal regulation.
2.
Results and discussion 2.1. dpp transcription in the posterior compartments of wing and haltere discs This study was triggered by our consistent observation of a small region in the P compartment of the wing disc that appeared to be active in dpp transcription. This P compartment expression of dpp has not been properly analysed in previous works about Dpp function in wing disc. We then carefully examined dpp expression in third instar wing and haltere discs by in situ hybridization and also with a P-element insertion (P10638) at the disk region of the dpp gene (Zecca et al., 1995) . We observe transcriptional activity close to and anterior to the A/P border, as previously described (Masucci et al., 1990; Posakony et al., 1990) . In addition, we find dpp transcripts in a proximal region of the posterior compartment (Fig. 1A, B) . We also observe a homologous zone of dpp expression in the posterior region of the haltere disc (Fig. 1C) . This dpp posterior transcriptional domain appears during the third larval period; wing discs from early 3rd larval instar do not show it (Fig. 1D) . According to the fate map (Bryant, 1975) , the posterior region containing dpp expression gives rise to proximal adult wing structures, including the alula and the axillary cord. We delimited this domain in adult wings by X-gal staining freshly emerged flies carrying the dpp-lacZ insertion. As shown in Fig. 1E , the area with lacZ activity corresponds mostly to the axillary cord.
2.2.
The expression of dpp in the posterior wing compartment generates a new domain of Dpp signalling
To test whether the posterior dpp expression activates the Dpp transduction pathway, we made use of an antibody raised against the phosphorylated (active) form of Mad, an indicator of Dpp pathway activity (Tanimoto et al., 2000) . As expected from previous work there are high levels of pMad in the centre of the disc, but in addition we observe a domain of pMad activity in the posterior compartment, which includes the dpp expression domain. The zone expressing pMad is bigger than that expressing dpp, which is consistent with the formation of a diffusion gradient of Dpp activity ( Fig. 2A) .
In addition to pMad levels, we have also examined whether other elements of the Dpp pathway are expressed in the posterior dpp domain. The gene daughters against dpp (dad) is a target that requires moderate levels of Dpp signalling (Tsuneizumi et al., 1997) . As shown in Fig. 2B , dad is expressed in the posterior wing compartment in the same region where pMad is active. Other Dpp-target genes, like optomotor blind and spalt, are also expressed in this region (not shown).
The brinker (brk) gene is a special case as it is negatively regulated by Dpp activity. Therefore, it is expressed in the lateral regions of the wing disc where the levels of Dpp activity are lower (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999) . The domain of Dpp activity in the proximal posterior compartment should therefore repress brk activity in that region. The comparison of pMad and brk activities in this region (Fig. 2C ) clearly shows they occupy mutually exclusive domains, supporting the idea that brk is repressed by the posterior pMad activity. The staining of adult wings of brk-lacZ genotype also argues in the same direction because the region of brk expression does not coincide but abut with that containing Dpp activity (compare Fig. 2D with 1E). Although we have not analysed the haltere disc with the same detail, there is also a posterior region of pMad activity in the zone where dpp is expressed (Fig. 2E) .
We have also examined pMad and brk expression in wing discs from second instar larvae (Fig. 2F) . These exhibit the central domain of pMad activity but there is no detectable staining in the posterior compartment. This result is consistent with the late appearance of the posterior dpp transcription domain (Fig. 1D ) and indicates that this domain only functions during the second half of the proliferation phase of the disc.
2.3.
The dpp expression domain in the posterior compartment is required for patterning the proximal wing
Having shown that the posterior dpp expression domain acts as a source of morphogen we addressed the question whether it has a functional role. Previous experiments analysing dpp mutant clones did not report significant alterations in the posterior wing (Posakony et al., 1991) . However, given the diffusible nature of the Dpp product it is possible that the lack of Dpp in the mutant clones could be rescued by Dpp emanating from neighbour wildtype cells.
We designed an experiment in which all cells in the posterior compartment would be homozygous for the dpp d12 mutation, which eliminates dpp activity in the wing disc without affecting embryonic or pupal expression (Jiang and Struhl, 1996; St. Johnston et al., 1990) . In discs of genotype dpp d12 ck FRT40A/M (2)24F arm-Z FRT40A; hh-gal4/UAS-Flp the high levels of flipase generated by the hh-gal4 driver would induce FRT-mediated mitotic recombination in virtually all the cells in the posterior compartment. The dpp À M + clones produced will have proliferation advantage (Morata and Ripoll, 1975) and are expected to fill the posterior compartment. They can be identified in the disc because they lose the arm-lacZ transgene, and in the adult wing because they are homozygous for the cuticular marker crinkled (ck).
As shown in Fig. 3A , these clones entirely fill the posterior compartment. Staining for pMad activity shows the normal pattern in the centre of the disc, but the posterior pMad domain is completely absent, in clear contrast with wildtype discs (compare Fig. 3A with Fig. 2A-C) .
As the genotype used allows good viability of the flies containing dpp À M + clones, we examined a large number of adult wings. In nearly every case the entire posterior compartment is marked with ck, indicating that it lacks dpp expression (Fig. 3B) . The pattern and size of these wings is normal except in the proximal posterior region: the alula does not form and the pattern that appears in its place resembles that of a more distal region, which is specified by Dpp of anterior origin. The axillary cord is much reduced in size and has lost all its characteristic long hairs; some sclerites are also missing (compare Fig. 3C with 3D ). This loss of structures does not appear to be due to death of proximal cells, for we find no indication of . The size of the compartment and the vein pattern are normal, but the proximal posterior region is altered. These alterations are better illustrated comparing a wildtype (C) and a dpp d12 (D) posterior compartment. The alula (asterisk) is missing and replaced by a structure resembling a more distal wing region. The axillary cord (arrow) is also very modified; all the long hairs are absent and the structure is much smaller. (E) Wing disc showing no transcription of dpp in A/P border (dpp blnk -gal4, UAS-shmiR-dpp2). There is ectopic expression of brk (green) in the wing pouch and a complete absence of activation of the Dpp pathway (pMad staining, red), whereas the posterior expression of dpp remains unaltered (arrow). (F) A rudimentary adult wing of the same genotype shows a normally developed alula (asterisk) and axillary cord (arrow).
caspase activity in this region. Moreover, the addition of the apoptosis inhibitor P35 in the posterior compartment does not modify the phenotype of the dpp À M + compartments (not shown). Our interpretation of the wing phenotype is that in absence of the organising activity of the posterior Dpp, the proximal region is only patterned by Dpp of anterior provenance. It is interesting to note that even though dpp is not expressed in the alula cells, this structure is affected. This result illustrates the role of the posterior Dpp as an organizer, as it affects patterning in a non-autonomous manner.
One intriguing question was if this posterior Dpp could form these proximal structures without Dpp of anterior origin. We used a transgenic strain carrying UAS-shmiR-dpp2 construct which has been previously shown to degrade the mRNA of Dpp (Haley et al., 2008) . The smhiR-dpp over-expression in the anterior Dpp domain (by using ptc-gal4 or dpp blnk -gal4) is able to silence efficiently Dpp gene activity, as shown by absence of pMad staining and the extended brk expression domain (Fig. 3E) . Neither the posterior dpp expression nor the formation of alula and axillary cord are affected in both size and morphology ( Fig. 3E and F) . We can conclude that Dpp of posterior origin is necessary and sufficient to pattern these structures.
It has been reported that mutations that remove the alula also give rise to ectopic t-shirt expression in the alula region, suggesting that it may be the cause for the loss of alula (Culi et al., 2006) . We tested if in dpp À posterior compartments there is tsh derepression in the alula region but found no alteration in tsh expression ( Supplementary Fig. 1 ).
2.4. dpp transcription in the posterior wing compartment is hh-signalling independent and it relies on mirror activity dpp transcription in the P compartment is an intriguing finding and suggests a novel mode of dpp activation. The normal activation of dpp in the A compartment requires Hh signalling, which is blocked in the P compartment (Basler and Struhl, 1994; Capdevila et al., 1994; Tabata and Kornberg, 1994 ). Alternatively, it was possible that a local diminution of en activity in the proximal region of the P compartment would allow Hh and dpp activation by the standard mechanism. We addressed this question by examining in this region the expression of Cubitus interruptus (ci), a transcription factor that is essential for Hh signalling (Methot and Basler, 2001) , and of patched (ptc), a Hh target gene. We found that neither ci nor ptc are expressed in the posterior compartment (Supplementary Fig. 2) . However, there was the possibility that these two genes were expressed at low, undetectable levels. To test this possibility in full, we examined Dpp activity in clones of cells mutant for the smoothened (smo) gene, which would be unable to transduce the Hh signal (Chen and Struhl, 1996) . The result is illustrated in Fig. 4A : large smo clones covering the entire posterior domain of dpp expression still show activity of the Dpp pathway. This result demonstrates that the posterior expression of dpp does not require Hh signalling and must therefore be activated by a different mechanism.
Our approach to identify the factor/s behind this posterior Dpp expression was to look for candidate genes or signalling pathways which are expressed in the corresponding place in the posterior compartment. The first one was vein, a ligand of EGFR signalling pathway, which coexpresses with Dpp in late 3rd instar wing disc (not shown). It has been previously described that vein is the only EGFR ligand required for a proper wing development, so it was a good candidate (Simcox, 1997) . The elimination of all posterior vein function (see Section 3) has effect neither on posterior Dpp function nor on hinge morphology (Supplementary Fig. 2) . We tested other genes based on expression and/or mutant phenotype in the alula, i.e. homothorax, Zfh2 and empty espiracles, among others. None of them affected Dpp expression (not shown).
Another likely candidate was mirror, a member of the Iroquois complex (iro-C), for which a role in alula and axillary cord formation has been described (Kehl and Kwang-Wook, 1998) . We have examined mirr expression using the mirr-lacZ line utilised by Kehl and colleagues and found that mirr is expressed in the presumptive alula and axillary cord region (Fig. 4E) .
We have made M + mirr À clones to generate posterior compartments that were wholly mirr À (see Section 3). They show an adult phenotype more extreme than that of dpp À compartments: the alula and the axillary cord are entirely missing (Fig. 4B, C) . In the discs dpp expression (shown by pMad staining, Fig. 4D ) in the posterior compartment is lost, and consequently brk expression is up regulated in the presumptive alula region. This result indicates that mirr is necessary for posterior dpp expression. In contrast, Dpp is not required for mirr expression, since the lack of posterior Dpp does not have an effect on mirr-LacZ transcription (Fig. 4F ).
As the preceding results might suggest a mirr-mediated dpp activation we generated gain of function clones of mirr and checked whether they gave rise to ectopic Dpp activity. We could not detect any significant up-regulation of dpp associated with those clones (not shown). These experiments demonstrate that mirr activity is necessary for posterior dpp expression, but it is not sufficient to induce it. Therefore there must be other factors involved in posterior dpp activation.
Our results report a novel organizer role of Dpp, which occurs during the third instar and is necessary and sufficient to pattern the proximal posterior region of the wing. This is achieved by an hh-independent, mirr-dependent activation of dpp in the posterior compartment.
These findings provide a more complete picture of the development of the wing disc. There is evidence that the three signalling Dpp, Wg and Hh pathways are necessary for normal wing pattern and originate at compartment borders. Our results indicate an unforeseen complexity of the function of the Dpp pathway. We show that dpp becomes active in two different body domains, which have independent temporal and spatial regulation. The anterior domain is required for distal wing growth and patterning, whereas the P compartment domain is responsible for the formation of the posterior-proximal structures of the wing. Moreover, the source of Dpp in the posterior domain does not appear to be a compartment border, as no lineage restriction has been reported in the region. A comparable situation has been described for leg development (Campbell, 2002; Galindo et al., 2002; Morata, 2001) , in which the Dpp and Wg signals originate at the A/P border, but the source of the EFGR signal is not a lineage border.
The fact that this new dpp expression domain is common to wings and halteres may have some evolutionary significance, as this may be an attribute of dorsal thoracic appendages. These results suggest that the posterior tier of dpp expression may have appeared before the mesothoracic and metathoracic appendages diverged. It is therefore, possible that the new model of dorsal appendage development we propose may occur in other species of insects.
3.
Materials and methods
Fly Stocks and antibodies
Fly Stocks used were: UAS-Flp, UAS-p35, dpp blnk -gal4 and dpplacZ (P{PZ}dpp 10638 ) (Bloomington Stock Center), brk-lacZ (brk X47 ) (Campbell and Tomlinson, 1999) , dad-lacZ (P{PZ}dad P1883 ) (Tsuneizumi et al., 1997), hh-gal4 (a gift by T. Tabata), M(2)24F arm-lacZ FRT40A and Rps174 ub-GFP FRT2A (Bloomington stock Center), dpp d12 ck FRT40A (St. Johnston et al., 1990) , UASshmiR-dpp2 (Haley et al., 2008) ) (Bier et al., 1989) . Fixation and immunohistochemistry of imaginal discs were carried out as described (Aldaz et al., 2003) . The following antibodies and dilutions were used: rabbit anti-phosphorylated Mad, 1:2000; rat anti-brk, 1:1000; rat anti-ci, 1:5 (Motzny and Holmgren, 1995) ; mouse anti-ptc, 1:10 (Capdevila et al., 1994) ; rabbit anti-t-shirt, 1:600 (Gallet et al., 1998); rabbit anti-ß-Gal, 1:2000 (Cappel) . Secondary antibodies used were purchased from Invitrogen. The images were acquired with Leica TCS SPE and Zeiss LSM510 confocal microscopes.
Flies with P compartment mutant for dpp d12 were of the following genotype: dpp d12 ck FRT40A/ M(2)24F armZ FRT40A; hh-gal4/UAS-Flp.
Flies with mutant clones in P compartment for smo 3 were of the following genotype: smo 3 FRT40A/ ub-GFP FRT40A; hh-gal4/UAS-Flp.
Flies with P compartment mutant for vein L6 were of the following genotype: en-gal4/UAS-Flp; vein L6 mwh FRT2A/Rps174 ub-GFP FRT2A.
Flies with P compartment mutant for mirr E49 were of the following genotype: en-gal4/UAS-Flp; mirr E48 mwh FRT2A/Rps174 ub-GFP FRT2A.
In situ hybridisation
In situ hybridisation was performed as described previously (Azpiazu and Frasch, 1993) , and imaginal discs were mounted in glycerol. Digoxigenin-labelled RNA probes were The lack of dpp (absence of green) has no effect on mirr-LacZ transcription (white). Notice there is no activation of Dpp pathway in the alula region (pMad, red).
synthesised as described (Tautz and Pfeifle, 1989) . That used was a dpp antisense RNA probe synthesised from a plasmid provided by Ana Macías.
Preparation of adult cuticles
The adult flies were dissected in water and cut into pieces. They were then treated with 10% KOH at 95°C for 3-5 min to digest internal tissues, washed with water, rinsed in ethanol and mounted in Euparal. The preparations were studied and photographed using a Leika DFC320 photomicroscope.
